ABSTRACT Microgrids (MGs) are playing an important role in the maximum utilization of distributed energy resources. The optimal economic operation and low-carbon electricity generation can enhance MGs effectiveness. This paper presents the results of a solar-photovoltaic (PV)-driven islanded MG's technoeconomic optimization analysis and environmental life-cycle assessment (LCA) to achieve economical and environmentally superior performance. A net present cost (NPC)-based simulation for optimal sizing of the MG is proposed. A novel life-cycle inventory (LCI) is developed to evaluate the impacts of the MG under 21 midpoint indicators and three endpoint indicators by the ReCiPe 2016 method, metal particle releases by the Ecopoints approach, and the greenhouse-gas emissions by the IPCC method. The sensitivity analysis is carried out to verify the effects for three different batteries and five different PV modules for all of the considered impact indicators. The results reveal that the proposed MG offers a revenue of 29,520 US$/yr by routing excess energy to neighbors after fulfilling the prosumers' demand at an optimal net present cost of 364,906 US$. Furthermore, the outcomes obtained from the LCA analysis show that, among the MG components, batteries have the highest impact on human health (74%) and the ecosystem (78%) due to greater greenhouse-gas emissions (CO 2 -48%, CH 4 -37%, and N 2 0-48%).
I. INTRODUCTION
In recent years, microgrids (MGs), have been getting considerable attention worldwide for maximum utilization of distributed energy resources (DERs) [1] . MGs, are small-scale power system consisting of distributed generators, loads, energy storage and control unit, can be employed in a grid connected and/or isolated mode for facilitating power supply and/or for maintaining standard service in a distinct locality. An assembly of local energy sources, storages, and loads builds a typical MG system [2] . These MGs play a pivotal role in fulfilling the local load demands of islands and rural villages by power sharing through economic operation [3] . In addition, using these MGs the excess energy of the prosumers (with PV facility) can be shifted to the nearby consumers (without PV facility). Therefore, MGs are becoming popular from both an economical and a necessity
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perspective [4] . A solar-PV-driven islanded MGs offers both profit for the prosumers and much-desired energy for the consumers [5] . However, the optimal use of such MGs can be achieved through minimization of the net present cost (NPC) and the levelized cost of energy (COE). Moreover, the cleaner electricity generations are pivotal to abating global warming to 2 o C by 2030, which is the aim of the 21 st conference of parties (COP21) of the UNFCCC (United Nations Framework Convention on Climate Change) [6] . Previous literature highlighted that energy-sharing microgrid frameworks operate cost-effectively at higher demands, but a productive utilization of resources has not been ensured [7] , [8] . Previous studies also depicted that renewable power plants are responsible for greenhouse-gas emissions due to fossil-fuel consumption in various stages of their lifetimes [9] , [10] , which can be identified by life-cycle assessment (LCA), a method of quantifying the environmental impacts related to all the steps of a system/product. Therefore, this research aims to optimize cost-economic operation, and performs the environmental impact identification of the MG's elements using a newly created life-cycle inventory (LCI), a tracking of all the input and output flows such as energy, materials and emissions by the system/product,to produce low carbon electricity.
The techno-economic analysis of an MG is critical due to the changing nature of its performance with real-time weather data. The modeling of a solar-PV driven MG in an off-grid islanded situation depends on a few factors, such as: the size of the PV modules, the load demand, the size of the converters and inverters, the capacity of storages, the economics of the elements, energy transmission distances, amount of excess energy etc. A number of research groups have used HOMER (Hybrid Optimization Model for Electric Renewables) for cost-benefit analysis, invented by NREL (National Renewable Energy Laboratory, USA) [11] , [12] . It can handle a wide range of energy sources such as PV, wind, hydro, fuel cells, boilers etc., consumptions such as AC, DC, thermal, hydrogen etc. Mizani et al. [13] developed a model using HOMER and recognized a best case for the production mix through optimization, which gives lower costs and emissions for the optimal choice of resources. However, they considered a national grid in their model, which is inappropriate for an islanded off-grid community. A standalone MG system is proposed by Thiam et al. considering an island of Senegal, which provides a smaller cost of energy for the community than national grid [14] . Another standalone MG system is proposed by Lee et al. that offers a feasible application of renewable resources for a village community [15] . Kabir et al. developed an MG system using different renewable resources for electricity production and showed that the proposed system is capable of fulfilling the electric demands of an off-grid rural community [16] . Four different cases are modeled and optimized for analyzing the challenges of MG systems using resources from the NREL [17] . A comparative economic assessment of different islanded MG systems considering diesel, hydro-diesel, and PV-diesel is depicted in [18] and analyzes their performance. A heuristic algorithm is developed in [19] for modeling an MG system consisting of wind, PV, and battery, and the outcome shows that a proper use of storages can minimize the system's running costs. A case study for a hypothetical locality with daily load demand of 5000 kWh/day is depicted in [20] , but it is not feasible in reality for the unrealistic assumptions. A hybrid source-based system is modeled by Nayar et al. [21] and Anyi et al. [22] , in which remote islands of the Maldives and Malaysia are considered, which gives high renewableenergy penetration and a solution for remote off-grid application. Givler et al. [7] conducted a research for small power systems in Sri Lanka, and verified the cost-effectiveness of a PV/diesel-based hybrid MG system, and compared it with a standalone system. Similar works are highlighted in various studies, for example Himri et al. [23] considered a case for an Algerian village, whereas Nfah et al. [24] and Bekele et al. [25] accomplished case studies of Cameroon and Ethiopia, respectively. However, they have not considered the productive use of resources for sharing the excess electricity. A recent work by Fernandez et al. offers benefits by cutting down the cost of energy through utilizing battery storage at the peak time without using electricity from the national grid, providing a game-theory-based energy-sharing model for cost optimization [26] . It reveals about a 9.17% cost saving in summer. Another recent work by Akter et al. [27] developed an energy-sharing model using a rule-based approach for energy management, which lacks revenue maximization from an economic aspect. The NPC-based optimization is a favored method over previously used methods as it optimizes the net present value of the MG system by considering the total annualized cost and the levelized cost. The first main focus of this work is to bridge the research gap by developing an MG system for an islanded locality in Bangladesh, optimizing the system by HOMER's fulfilling the constraints. The optimization and sensitivity analysis are carried out by a systematic priority formation through the optimization technique.
On the other hand, the life-cycle-based environmentalimpact assessment of an MG is not an easy task as it is required to consider the effects from the lifespan of all elements. Therefore, it is necessary to collect the industrial datasets for each MG element to identify the dangerous releases in their lifetime. The evaluation of various emissions to air, water and land, and the energy consumption at each life stage of the elements is crucial for LCA analysis. An appropriate strategy is mandatory for assessing and comparing the impacts through LCA. Prior research provides the environmental impacts by each element separately, for example Liang et al. [28] and Lang et al. [29] examined the effects of the lithium-ion batteries, Innocenzi et al. [30] and Meng et al. [31] depicted impacts by the NiMH batteries, Espinosa et al. [32] and Latunussa et al. [33] highlighted the impacts from PV modules. Mizani et al. [13] and Prasai et al. [34] assessed the CO 2 emissions and estimated the amount of CO 2 release reduction, but they did not consider a systematic life-cycle assessment approach. Moreover, until now none has assessed the environmental impacts of an MG for mid-point, end-point indicators and greenhouse-gas emissions considering the raw-material extraction to end-oflife waste-management stages. The parameter of an environmental mechanism for a specific impact category between the inventory data and the category endpoints are defined as a mid-point indicator, whereas an end-point indicator reflects the final effect in a cause-effect chain or in an environmental mechanism [35] . Therefore, the second main focus of this research is to identify the impacts of the proposed MG system using the life-cycle assessment approach. LCA is a practical method of evaluating the environmental effects of any product, as it identifies the impacts for a broad range of environmental categories such as resource scarcity, human carcinogenic toxicity, human non-carcinogenic toxicity, ecotoxicity, freshwater eutrophication, terrestrial acidification, ozone formation, global warming, stratospheric ozone depletion, ionizing radiation, water consumption, fine particulate VOLUME 7, 2019 matter formation, land use etc. [36] , [37] . LCA analysis deals with the total inputs and outputs, material flows, and emissions at each stage of a product. It also analyzes the lifetime of a product, from the raw material extraction to manufacturing, usage and end-of-life waste disposal [38] . The LCI is developed to assemble the material flows over the lifetime of the system elements. The Ecoinvent database [39] is used in building the LCI. The LCA is accomplished by SimaPro software version 8.5 [40] using ReCiPe 2016 [41] , Intergovernmental Panel on Climate Change (IPCC) [42] , and Ecopoints [43] methods. The ReCiPe 2016 method is used to assess the impacts by 18 environmental characterization factors, whereas IPCC approach is used to identify the greenhouse gas emissions (under four categories) of the MG system elements. The Ecopoints methods is utilized to quantify the metal particles-based releases to the environment by each of the MG elements throughout their lifetime.
Overall, the key contributions of this research to fulfill the main focus, cost optimization and negative-impact reduction by the proposed MG, can be outlined as follows: 1) A smart MG system is proposed for an islanded remote community, which provides cost-efficient performance by routing excess electricity to neighboring traditional houses without wasting it in an off-grid condition. 2) An NPC-based optimization is carried out for the highest profit of prosumers through optimal sizing of elements using real-time physical, operating and economic inputs in the proposed MG system. 3) A novel LCI is developed that assesses and compares the environmental impacts by each element of the MG using ReCiPe 2016, Ecopoints and IPCC methods of LCA. 4) Sensitivity analysis is undertaken to identify the best cases among various PV modules such as amorphous silicon (a-Si), copper indium selenide (CIS), multiSi, ribbon Si and single-Si, and various community storages such as lithium-ion (Li-ion), sodium chloride (NaCl) and nickel metal hydride (NiMH), for lower impact and cost-efficient operation of the MG.
This work is unique in developing an LCI for the LCA analysis of the proposed MG system, and minimizing the system cost by optimal sizing of the elements. Given the above purpose, the rest of the paper is organized as follows. The MG system is introduced in Section II. The methods of techno-economic analysis and LCA analysis are discussed in Section III. Section IV highlights the optimal economic operation outcome and life-cycle environmental impact assessment outcome. The sensitivity analysis outcome considering different cases for PV modules and community storages are presented in Section V. Finally, Section VI makes concluding remarks for this research.
II. MICROGRID SYSTEM OVERVIEW
In the proposed MG system, a small array of houses within a short periphery are connected to share energy by an islanded off-grid setup. A few of the houses (smart houses) have a solar-PV electricity-production facility, and by this MG system the excess electricity is routed to nearby powerless houses (traditional houses) after fulfilling the prosumers' electricity demands. Figure 1 presents a schematic diagram of the microgrid system. Overall, in the MG system the PV panels of smart houses, breakers, energy meters, inverters, converters, controller, and community storages are interconnected through cables with a dc bus and an AC bus. The electricity generated by the PV panels is regulated by the dc/dc converters and then directed toward the dc bus. The energy meters record the power flow, community storage stores the generated energy, inverter converts dc currents to ac, and controllers control the system. In the model design, the overall electricity generation by the prosumers in normal times is maintained high enough to meet the load demand in an emergency situation in unfavorable weather. Generators are not considered in the model as the system is developed for an islanded situation, with economic constraints for the remote houses. Considering renewable energy, when there exist some energy deficiency in unfavorable weather, the demand would be supplied by their own generators. On the other hand, when there exists surplus in some hours, prosumers make some profit by routing those [3] , [44] , [45] . The central storage is used instead of decentralized ones for convenient sharing of energy among the smart houses, for routing the overall extra power to the traditional houses, and for lowering the net present cost [46] .
The NPC-based optimization model provides the optimal case of PV module numbers and community storage sizes for the considered load demands of the prosumers, and calculates the amount of excess energy for routing to the traditional houses, as described in Section III-A. A novel LCI is developed for assessing the lifetime environmental impacts of the considered MG system using life-cycle assessment, as discussed in Section III-B.
III. METHODS
Two different methods are used in this research: one for optimal economic operation and another for environmentalimpact assessment of the MG system. These methods are discussed in the following subsections.
A. OPTIMAL ECONOMIC OPERATION METHOD
The chosen remote village for this research is Kutubdia, a small island in the Bay of Bengal in the Cox's Bazar district of Bangladesh. The MG provides off-grid electricity to the inhabitants of this village, as it has no national grid facility.
The total net present cost (NPC) and the levelized cost of energy (COE) are dependent on the total yearly expense of the MG system. The overall yearly expense of the MG is the sum of its elements' expenses minus miscellaneous expenses. Equation 1 is used to calculate the NPC of the MG [11] .
where C Total is the overall yearly expenses of the MG, η is interest rate per year, n is the year numbers, and CRF (η,n) is the capital recovery, which is calculated using equation 2. Equation 3 is used for calculating the COE [11] .
where E P and E C are the annual load demands of prosumers and consumers respectively met by the MG system. The optimization is carried out for a minimal NPC of the MG system using HOMER following the method described in [11] , [12] . The installed PV capacity is defined by Equations 4 to 6 [47] :
where V PV is the output voltage of each PV cell; I PV is the PV current of each cell; m is the ideality factor; k is the Boltzmann's constant; T is the PV cell temperature; I SC is the short circuit current; I 0 is the saturation current; and q is the charge of electron. The community storage energy is estimated using Equation 7 [47] :
where, E x is the stored energy and x is the discharge time in hour; V is the voltage in offload condition; D is the zero charging days at the disfavored weather condition; Y converter and Y storage are converter and storage yield value; and SOC is the State of Charge. The SOC range is kept between 30% to 80% for better lifetime of the storage. The key assumptions for the simulation of the MG system using HOMER are as follows.
1) MODEL PARAMETERS
The proposed MG system has a total of 12 houses, out of which four are considered as smart houses with a PV facility, while the others are traditional houses that depend on smart houses for electricity, as there is no national grid available. The considered model parameters for NPC-based optimization are presented in Table 1 . The consumers' loads are not considered as the main aim is to fulfill prosumers' demand first, and check the remaining electricity for consumers after optimization, which will earn revenue for the prosumers through energy routing. The solar radiation profile of Cox's Bazar, Bangladesh, is used for this work, which is collected from the NASA Surface Meteorology website [48] . The average solar radiation is found to be 4.5 kWh/m 2 /day. All expenses associated with the capital, operation, maintenance, replacement, fuel, miscellaneous are included in the NPC. All expenses of the MG system are considered in constant dollars [11] , [12] .
2) SIMULATION
HOMER simulation identifies the lifetime cost feasibility and the operation strategy for the MG system. It runs simulation on an hourly basis and it considers the sustainable operation capacity of the grid.
3) OPTIMIZATION
HOMER provides the optimal sizing of the PV panels and battery strings through optimization maintaining the constraints. It considers minimum NPC for the system and gives an optimal configuration after optimization.
4) SENSITIVITY ANALYSIS
Sensitivity analysis helps to identify the influences of changing various parameters of the system. In this research, various lifetimes of batteries such as 5, 10, 15 and 20 years and various solar scale capacities such as 4.5, 5 and 5.58 are considered for sensitivity analysis. Many optimization outcomes are achieved for these assumptions and are guided to identify the best case.
B. LIFE-CYCLE ENVIRONMENTAL IMPACT ASSESSMENT METHOD
Life-cycle assessment is a systematic approach to environmental-impact evaluation to identify and categorize the effects caused by a product or process throughout its entire lifetime [49] , [50] . This approach consists of four basic steps: i) goal and scope definition, ii) life-cycle inventory, iii) life-cycle impact estimation, and iv) life-cycle impact interpretation. For LCA analysis maintaining these steps, ISO (International Organization for Standards) standard 14040:2006 is followed [51] , [52] . In the below subsections, the LCA steps are briefly described to highlight the LCA methodology which is maintained in this study.
1) GOAL AND SCOPE DEFINITION
The first LCA step is goal and scope definition, where the objective is defined and the LCA system boundaries are established. The goal of this LCA is to identify and compare the negative environmental impacts of the MG system. The scope of this LCA analysis is cradle-to-grave aspects [53] , [54] for mid-point and end-point environmental impact indicators for the system. Therefore, the comprehensive LCA considers the lifetime of the system including raw-material extraction, key parts manufacturing, transportation, MG system installation, and end-of-life waste disposal.
The functional unit [49] , [50] of this LCA is chosen as 1 kWh of electricity supply by the MG system.
2) LIFE-CYCLE INVENTORY
The second LCA step is the development of the life-cycle inventory, where all inputs (material and energy) and outputs (emissions) at each stage of the element's lifetime are added. The formation of the LCA boundary of the MG system as shown in Figure 2 is the unique contribution of this work. The boundary is modeled with mandatory equipment, following their lifetime stages such as raw-material extraction from mines, transportation of these materials, production of MG parts, transportation of the parts to the MG location, MG construction, MG operation, and the end-of-life waste disposal. The schematic intakes and releases at each stage are shown in Figure 3 . Energy and material intakes took place in the raw materials extraction, micro-grid elements production and microgrid installation stage, whereas only energy intakes happened in the transportation and waste management stage. The solid material and gaseous emissions are released during several stages such as waste management, MG installation, MG elements production and raw materials extraction stage. The energy output is only found in the micro-grid operation stage. Figure 4 shows the stage-by-stage energy and material flows for the considered MG system. Blue indicates the MG assembly which is formed by adding all unit processes, white indicates the unit processes that contributes to reuse and disassembly, light yellow indicates the unit processes that concerned to energy flow, and light green indicates the unit processes that related to materials processing, transport and waste treatment. The Ecoinvent database [55] - [57] is used to collect the life-cycle inputs and outputs of the MG elements because it has global industrial and commercial datasets for different element manufacturing, transportation, waste management etc. [56] - [58] . From Ecoinvent database, base unit processes are chosen depending on item specifications. Table 2 gives the data source for the MG elements. The considered PV panel, battery (community storage) types are CIS and Li-ion, respectively. Moreover, the global unit processes are considered for other elements such as inverter, converter, cable, breaker, and energy meter. An assembly of these unit processes of the elements are formed for the desired MG system, which is finally used to evaluate the individual effects by every process element. The energy losses and heat releases during the power transmission and distribution stages are not considered in this LCA due to lack of datasets.
3) LIFE-CYCLE IMPACT ESTIMATION
In the third LCA step, life-cycle assessment is carried out based on the ISO 14040:2006 standard following the ReCiPe 2016, IPCC and Ecopoints methods. SimaPro software version 8.5 [40] is used in identifying the effects after developing the LCA system boundary because it is universally used among LCA software [59] . The ReCiPe 2016 approach [41] combines the scientific rigor of the CML2001 and the Ecoindicator-99 approaches for assessing the mid-point impacts under 18 categories (8 more than Ecoindicator-99), which is a maximum among all LCA approaches. The 18 mid-point effects obtained by the ReCiPe 2016 approach are resource scarcity (fossil and mineral), human carcinogenic toxicity, human non-carcinogenic toxicity, ecotoxicity (marine, terrestrial and freshwater), freshwater eutrophication, terrestrial acidification, ozone formation (human health and terrestrial ecosystems), global warming (human health, terrestrial ecosystems and freshwater ecosystems), stratospheric ozone depletion, ionizing radiation, water consumption (human health, terrestrial ecosystems and aquatic ecosystems), fine particulate matter formation, and land use. This method also estimates the end-point impacts under three aggregated categories: human health, ecosystems, and resources ( Figure 5) .
Additionally, the IPCC approach estimates the greenhousegas emissions such as carbon dioxide, methane, nitrogen oxide etc. (Figure 5 ) following a 100-year time-frame [42] . This method provides three advantages in evaluating the greenhouse-gas releases : a) assures optimal utilization of available datasets in a comprehensive way, b) provides accuracy in estimation, and c) gives information for policy developers on climate changes. It does not deal with carbon monoxide and radiative emissions in the atmosphere.
Furthermore, the Ecopoints method [43] is utilized to quantify the harmful metal particle releases such as lead (Pb), copper (Cu), cadmium (Cd), chromium (Cr), zinc (Zn), and nickel (Ni) from each elements of the MG ( Figure 5 ). This approach uses 3 steps to assess the impacts such as, classification, normalization and weighting. The datasets collection and cumulative summation for each element for each impact indicator from the whole life cycle of the system includes classification phase. The normalization step determines the environmental degradation magnitude by taking the ratio of impact indicator amount and reference value. The impact indicator value is multiplied with the weighting factor to obtain the single score value for comparative analysis in the last phase of Eco-points method called weighting.
4) LIFE-CYCLE IMPACT INTERPRETATION
In this last LCA step, life-cycle interpretation, impact outcomes are analyzed and interpreted to identify the most significant substances for each of the mid-point and endpoint environmental effect indicators over the lifetime of the MG system. These findings correlate with the sustainability factors of the systems to abate the impacts on human health, ecosystem and resources.
Finally, sensitivity analysis has been carried out by the ReCiPe 2016 method, considering various PV panels (singleSi, multi-Si, ribbon-Si, copper indium selenium (CIS), and amorphous-Si) and community storages (nickel-metal hydride, sodium chloride, and lithium-ion) to check the changes in effects for the cases. It helps to track the optimal option with regard to the environment-impact aspects.
IV. RESULTS AND DISCUSSION

A. OPTIMAL ECONOMIC OPERATION OUTCOME
The obtained optimal operation is presented in Table 3 . It is found that having three PV panels along with the community storage and converters is the optimal case for the least net present cost of the MG system. The optimal NPC and COE rates are 364,906 US$ and 0.139 US$, whereas, the MG system with four PV panels is the worst case with an NPC of 442,574 US$ and a COE of 0.169 US$. It is also found that about 79,783 kWh/yr (22.5 %) of excess electricity is produced, giving a profit of 29,520 US$/yr (considering 0.37 US$/kWh) through routing to nearby consumers. The weekly scenario of the total renewable power output and the excess electrical production is depicted in Figure 6 . The outcome shows that there is a significant amount of excess energy in each day of the week, which can be routed to more traditional houses to make a revenue by the prosumers.
The results are compared with the existing studies of standalone MG systems and reveal that a range of design parameters such as PV module size, community storage capacity, solar irradiation rate, converter/inverter capacity, storage strings number etc. are responsible for different COEs ranging between 0.1 US$ and 2 US$ [14] , [15] , [23] - [25] . The obtained COE in [14] is 0.18 US$/kWh for Senegal, in [15] is 0.49 US$/kWh for China, in [24] is 0.34 US$/kWh for Cameroon, in [25] is 0.94 US$/kWh for Ethiopia, while in this study the COE is 0.13 US$/kWh for Bangladesh, which is very small. On the other hand, the obtained NPC in [23] is 2,982,825 US$ for Algeria, in [24] is 376,856 US$ for Cameroon, in [25] is 464,600 US$ for Ethiopia, whereas in this study it is 364,906 US$ for Bangladesh.
The weekly SoC profile of the central storage is shown in Figure 7 .The lowest and highest charge limits of the storage are maintained as 10 and 90%. The charge level was about 60-80%for most of the days, which ensures that there is an extra energy and PV owners make some revenue by routing it to fulfill nearby neighbors load demands.
B. LIFE-CYCLE ENVIRONMENTAL IMPACT ASSESSMENT RESULTS
1) ENVIRONMENTAL IMPACTS OF THE MICROGRID
The midpoint impact outcome of MG parts obtained by the ReCiPe 2016 method using a cradle-to-grave analysis is presented in Figure 8 . It is found that the community storage provide maximum impact for most of the indicators such as water consumptions (82.68%), terrestrial ecotoxicity (70.05%), ozone formation (68.87%), global warming (68.51%), whereas the inverter impacts very little for maximum indicators such as ionizing radiation (0.47%), freshwater ecotoxicity (0.80%), stratospheric ozone depletion (1.15%), and land use (1.25%). The cable is harmful maximum for mineral resource scarcity (54.40%) and minimum for water consumptions (0.01%). The breaker impacts highest for freshwater eutrophication (14.77%) and second greatest for ozone formation (6.97%). The energy meter is significantly dangerous for the impact categories of ionizing radiation (50.37%) and fossil resource scarcity (44.35%). The converter affects least for water consumptions (0.04%) and is optimal for mineral resource scarcity (54.40%). The PV panels impact is about 9.32% for water consumptions (human health, terrestrial ecosystem and aquatic ecosystem). About 4.23% global warming (human health, terrestrial ecosystem and aquatic ecosystem) impacts was incurred by the PV panel. Overall, the PV modules provided smaller effects for most of the midpoint categories such as mineral and fossil resource scarcity (0.001%), freshwater eutrophication (0.09%), marine ecotoxicity (0.40%), and human noncarcinogenic toxicity (0.65%).
The comparative endpoint impacts of the MG elements obtained by the ReCiPe 2016 method are highlighted in Figure 9 , which shows that the converter, energy meter and cables impact resources mostly with a rate of 45%, 39% and 15%, respectively. Community storage affects the ecosystems and human health greatly with respective rates of 79% and 74% due to their large size and dangerous chemicals. The PV panels incurred maximum effect to ecosystems due to significant amounts of fossil-fuel consumption, mostly in the raw material extraction and processing, and high end-of-life pollution. Therefore, following the endpoint outcome, future research should be undertaken to utilize renewable resources in all stages of the MG components' lifetime from rawmaterial extraction to end-of-life recycling and disposal.
The most impactful substances for the end-point indicators by each MG element are depicted in Table 4 , which shows that carbon dioxide is released from the community storage, affecting greatly human health (3.18E-05 DALY/kWh). DALY (Disability Adjusted Life Year) is concerned to human VOLUME 7, 2019 FIGURE 9. The end-point damage assessment of the framework using the ReCiPe 2016 method.
health damage, which indicates the years that lead to risk of a person to become disabled due to an accident/disease. The representation for ecosystem quality is the measure of species extinction integrated over time (species year). Zinc is most dangerous for human health due to the converter (1.31E-04 DALY/kWh) and copper from cable affects mostly human health (4.09E-05 DALY/kWh). Hard coal is responsible for the impacts to resources by the PV panels (9.54E-06 kg/kWh) and natural gas is for cable (6.39E-07 kg/kWh). Overall, the maximum harmful substances that released from the MG over its lifetime to affect human health, resources and ecosystems are sulfur dioxide, carbon dioxide and silver, respectively. Sulfur dioxide and carbon dioxide mostly emits from PV panel, while silver greatly releases from converter. It is required to concentrate on designing a new type of PV panel/converter by an alternative sustainable material to limit these harmful emissions.
2) GREENHOUSE-GAS EMISSIONS BY THE MICROGRID
The comparative life-cycle GHG emissions from the MG components, obtained by the IPCC method, are depicted in Figure 10 . It is found that carbon dioxide is mostly emitted for the community storage and PV panels, with rates of about 48% and 34%, respectively. Moreover, the release of methane and nitrous oxide are also high for the community storage, with amounts of 38% and 48%, respectively. The converter and energy meter release a maximum to the land during endof-life recycling with rates of 43% and 42.5%, respectively. Overall, community storage is highly dangerous due to the maximum release of greenhouse-gases for all three categories of carbon dioxide, methane and nitrous oxide due to the chemicals used. Therefore, researchers should pay considerable attention to enhance the environmental profiles of the community storages.
3) METAL PARTICLE RELEASES BY THE MICROGRID
The metal particle releases obtained by the Eco-points 97 method depicted in Figure 11 highlight that solar panel is contributed to the highest amount of metal particle emissions for the categories of Zn, Cu, Cd and Ni. In contrast, inverter is the lowest impactful based on metal particle releases to the environment. Pb and Cr are released maximum by the community storage with a rate of 38% and 71%, respectively. However, converter, cable, breaker and energy meter shows a medium risk to the environment for metal particle releases with respect to other elements.
V. SENSITIVITY ANALYSIS
Several sensitivity analyses have been carried out to test the techno-economic operation and the environmental profiles of the proposed MG system for various battery lifetimes, solar scales, PV modules and community storages, which helped to identify the best case.
A. EFFECTS FOR VARIOUS COMMUNITY-STORAGE LIFE AND SOLAR SCALE RATES
The effect of changing the community storage's lifetime and the solar scales is shown in Table 5 , which reveals that the smallest NPC (364,906 US$) and COE (0.139 US$) is found for the case of 20 years' life and 5.58 kWh/m 2 /day solar irradiation, which is the optimized case among the 12 options. On the other hand, a community storage with 5 years' life and 4.50 kWh/m 2 /day solar irradiation provided the maximum NPC of 462,351 US$ and the highest COE of 0.177 US$. Moreover, the same COE of 0.171 US$ is obtained for the three cases with various combinations of community storage lifetime and solar scales. Overall, the optimal sizing of the MG is obtained for the increased rate of community storage life and solar scale as it provided better sensitivity outcomes with lower COE and NPC.
B. IMPACTS FOR VARIOUS TYPES OF PV MODULES
The sensitivity analysis outcome using five different PV modules such as single-Si, multi-Si, ribbon-Si, a-Si and CIS for the considered MG system is depicted in Table 6 . It is found that multi-Si is notably responsible for water consumption (85.98 mPt), whereas CIS given the smallest impact for water consumption (21.47 mPt). The a-Si PV modules are highly accountable for ionizing radiation (37.87 mPt) and the single-Si PV modules are mostly liable for water consumption (84.73 mPt) and global warming (45.14 mPt). Overall, the CIS-based PV modules given a better environmental performance for most of the impact indicators. Therefore, investors should use CIS solar modules in building an MG system for its superior environmental profiles rather than the alternatives, to escape from the dangerous impacts.
C. IMPACTS FOR VARIOUS TYPES OF COMMUNITY STORAGES
The sensitivity analysis outcome using various community storages for the MG system, shown in Table 7 , highlights that an NiMH-based system given higher effects for most of the categories such as stratospheric ozone depletion (32.07 mPt), water consumption (21.11 mPt), ionizing 65 mPt) . The NaCl community storage-based MG system provided a maximum impact for three categories among 21, mineral resource scarcity (25.33 mPt), fossil resource scarcity (9.12 mPt), and freshwater ecotoxicity (5.91 mPt). Overall, the Li-ion community storage-based MG system depicted the best environmental performance at the sensitivity analysis. Therefore, prosumers should use Li-iontype community storage in constructing MG systems. The key implication of the sensitivity outcome is in smart grids, in which shareholders should use environment-friendly community storages to avoid the environmental dangers.
VI. CONCLUSION
In this paper, a net-present-cost-based optimization analysis and a life-cycle assessment-based environmental-impact assessment of a solar-PV driven off-grid microgrid framework is undertaken. To ensure the validity of this research, we i) developed a off-grid microgrid system, ii) optimized based on net-present-cost minimization, iii) analyzed life-cycle material flow, iv) built a life-cycle inventory, v) assessed environmental profiles by multiple methods, and vi) conducted sensitivity analyses that examine the optimal design and superior environmental performance of the MG. The well-known HOMER Pro and SimaPro softwares, and the renowned Ecoinvent global database are used for the cost optimization and impact assessment. This research is unique in developing an LCI and assessing the impacts of an MG by multiple methods such as ReCiPe 2016 for midpoint and endpoint effects analysis, Ecopoints for metal particles releases quantification, and IPCC for GHG emissions estimation. Results reveal that the NPC-based techno-economic optimization offers a profit of 29,520 US$/yr to the prosumers at an optimal net present cost of 364,906 US$ and an levelized cost of energy 0.139 $. Furthermore, the LCA outcome shows that the battery is the highest affecting element of the MG for most of the midpoint impact indicators such as global warming (68.51%), land use (59.45%), ecotoxicity (32.12%), eutrophication (56.79%), acidification (62.25%). The sensitivity analysis outcome highlights that an increased lifetime of the community storage and solar scale provides minimal net present cost, and that CIS-PV modules and Liion batteries are environmentally superior to others, for an MG. The incorporation of a national grid and other renewable sources in the MG framework and finding an environmentfriendly replacement of the dangerous elements is the future direction of this research for broad application and cleaner operation. CANDACE LANG received the bachelor's degree in science (physics and mathematics), and then transferred to engineering for postgraduate research leading to a Ph.D. degree from the University of Cape Town (UCT), where she was a Professor with the Mechanical Engineering Department. She is currently a Professor of mechanical engineering with Macquarie University. Her research focus is on the development of novel materials for novel engineering applications. Her current interest includes nanoparticle catalysts for the hydrogen fuel cell. She has been active in the development of metallic materials for applications as diverse as jewelry, fuel cell catalysts, and medical electrodes. VOLUME 7, 2019 
